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ABSTRACT

An integrated analysis of both airborne and field short-wave infrared hyperspectral mea-
surements was used in conjunction with conventional field mapping techniques to map hy-
drothermal alteration in the central portion of the Mount Painter Inlier in the Flinders Ranges,
South Australia. The airborne hyperspectral data show the spatial distribution of spectrally
distinct minerals occurring as primary minerals and as weathering and alteration products.
Field spectral measurements, taken with a portable infrared mineral analyzer spectrometer
and supported by thin-section analyses, were used to verify the mineral maps and enhance
the level of information obtainable from the airborne data. Hydrothermal alteration zones
were identified and mapped separately from the background weathering signals. A main zone
of alteration, coinciding with the Paralana Fault zone, was recognized, and found to contain
kaolinite, muscovite, biotite, and K-feldspar. A small spectral variation associated with a ring-
like feature around Mount Painter was tentatively determined to be halloysite and interpreted
to represent a separate hydrothermal fluid and fluid source, and probably a separate system.
The older parts of the alteration system are tentatively dated as Permo-Carboniferous. The
remote sensing of alteration at Mount Painter confirms that hyperspectral imaging techniques
can produce accurate mineralogical maps with significant details that can be used to identify
and map hydrothermal activity. Application of hyperspectral surveys such as that conducted
at Mount Painter would be likely to provide similar detail about putative hydrothermal de-
posits on Mars. Key Words: Hyperspectral infrared analysis—Hydrothermal deposits—Min-
eralogical mapping—Mount Painter, Australia. Astrobiology 2, 335-351.

INTRODUCTION

ANCIENT HYDROTHERMAL ENVIRONMENTS are
prime targets in the search for earliest life on
Earth and former life on Mars (e.g., Bock and
Goode, 1996). Hyperspectral infrared analysis
techniques provide a useful tool in the explora-
tion and mapping of such environments on both
planets. Mount Painter in the northern Flinders

Ranges of South Australia is one of the largest
known terrestrial hydrothermal systems and thus
provides a suitable environment in which to ex-
plore the application of these techniques. We
used a dataset from an airborne hyperspectral
short-wave infrared (SWIR) spectrometer to make
a mineral map of the Mount Painter Palaeozoic
hydrothermal system and then ground-truthed
the map using a hand-held spectrometer. We pos-
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tulate that a similar exploration strategy would
be highly effective on Mars, in that case using
satellite and robotic rover-mounted instruments.

Spectroscopy is the measurement and analysis
of portions of the electromagnetic spectrum to
identify spectrally distinct and physically signif-
icant features of a material (Fig. 1). Spectral data
are measured using spectral sensors, which
record radiation (usually solar) reflected from the
surface of materials. Because many materials ab-
sorb radiation at specific wavelengths, it is pos-
sible to identify them by characteristic absorption
features, which appear as troughs in a spectral
curve (Kruse, 1994).

Wavelength ranges most suitable for the dis-
crimination of geological materials include the
visible and near-infrared (VNIR), SWIR, and the
mid- or thermal infrared (TIR) (Fig. 2). Spectral
variation is the result of different compositions,
the degree of ordering, mixtures, and the grain
size of different rocks and minerals (Table 1)
(Huntington, 1996). Owing to their multiple va-
lence states, transition elements, such as Fe, Cu,
Ni, Cr, Co, Mn, V, Ti, and Sc, display the most

THOMAS AND WALTER

prominent spectral features in the VNIR wave-
length range (Kruse, 1994).

The SWIR wavelength region between 2,000
and 2,500 nm is particularly suitable for mineral
mapping. The 2,000-2,400 nm wavelength region
can show many absorption features characteris-
tic of certain hydroxyl- and carbonate-bearing
minerals and mineral groups that are character-
istic of hydrothermal alteration. These mineral
groups may include pyrophyllite, kaolinite, dick-
ite, micas, chlorites, smectite clays, alunite,
jarosite, calcite, dolomite, and ankerite (Linton,
1998).

Using spectroscopy, and in particular hyper-
spectral imaging technology, it is possible to
make accurate maps of surface mineralogy in-
cluding boundaries, relative abundances, and
mineral assemblages. Hyperspectral mapping
techniques can identify individual species of iron
and clay minerals, which can provide detailed in-
formation about hydrothermal mineralization
and alteration zones (Huntington, 1996). Hyper-
spectral remote sensing has a distinct advantage
over other remote sensing methods due to its abil-
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Schematic diagram of the imaging spectrometry concept. Images are acquired simultaneously of up to sev-

eral hundred narrow spectral bands, providing a complete reflectance spectrum for every pixel in the imaging spec-

trometer scene (Courtesy NASA).
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FIG. 2. Electromagnetic spectrum. The top diagram locates various bands in a relative sense, the next line is an ex-
pansion of the AB portion. The bottom line shows approximate band locations for some of the operational multi-
spectral and hyperspectral systems (modified from Rinker, 1994).

ity to differentiate fine spectral variations be-
tween different types of rock, making it suited to
mapping surface lithology (Wang et al., 1998). Hy-
perspectral imaging spectrometers measure and
record light reflected from the surface in numer-
ous contiguous channels and using narrow band-
widths (see Fig. 1; Kokaly et al., 1998).

Wang et al. (1998) showed that using hyper-
spectral remote sensing techniques, types of
minerals and altered minerals that are closely
related to the mineralizing process can be de-
termined. Wang et al. (1998) also noted that the
“formation of altered minerals can be analysed,
that hydrothermal mineralised altered zones
can be delineated, and industrial deposits can
be found directly under favourable conditions”
(p. 87) and that “hyperspectral remote-sensing
is more effective in identifying earth surface

lithology than any other remote sensing tech-
nique” (p. 93).

Improvements in hyperspectral technologies
have not been limited to remote instruments. Ad-
vances in technology have also led to the devel-
opment of highly accurate, high-resolution field
spectrometers such as the portable infrared min-
eral analyzer (PIMA). By ground-truthing air-
and space-gathered data with a high-resolution
field instrument, such as the PIMA, the spectral
resolution and the accuracy of the classification
of the remotely sensed data can be determined.
Portable infrared spectrometers are particularly
suited to mapping hydrothermal alteration zones,
which are typically characterized by layer sili-
cates, including clay minerals. Field portable
spectroscopy is a viable and economically feasi-
ble tool for accurately determining hydrothermal

TABLE 1. GEOLOGICALLY SIGNIFICANT REGIONS OF THE ELECTROMAGNETIC SPECTRUM (FROM KRUSE, 1994)

Wavelength Wavelength (nm) Associated molecular
region range Mineralogy feature
VNIR 400-1,100 Fe and Mn oxides, rare Crystal field absorption
earths charge transfer absorption
SWIR 1,100-2,500 Hydroxyls, carbonates, AI(OH),, Fe(OH),,
sulfates, micas, Mg(OH);, NH4, SO4
amphiboles absorption, CO3
TIR 8,000-14,000 Carbonates, silicates Si-O bond distortion
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alteration in both ancient and active environ-
ments (Yang et al., 2000).

GEOLOGY OF THE
MOUNT PAINTER REGION

The Mount Painter Province is located in the
northern Flinders Ranges, South Australia, at the
northeastern margin of the Neoproterozoic-Cam-
brian Adelaide Rift Complex (Fig. 3). At present
the ranges comprise an elevated, rugged terrain
rising from the plains of Lake Frome in the east,
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eventually merging into the plains of the Great
Artesian Basin to the north.

The Mount Babbage and Mount Painter Inliers,
together with the Broken Hill and Olary Domains,
make up the Curnamona Province. This region is
an extensional, probably back arc, continental mar-
gin magmatic area of Paleoproterozoic to Meso-
proterozoic age. Neoproterozoic-Cambrian clastic
sedimentary and carbonate rocks of the Adelaide
Rift Complex unconformably overlie the older suc-
cession (Foster et al., 1994). The Mount Painter In-
lier comprises crystalline basement rocks, the
Mount Painter complex, which includes Palaeo- to
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FIG. 3. Geology of the Mount Painter and Mount Babbage Inliers. The various suites are continuous, extending
from high to lower metamorphic grade areas, around folds, across major faults and zones of geophysical disconti-
nuity, and through areas that have been subjected to intense retrograde deformation (Drexel and Major, 1990).
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Mesoproterozoic metasediments and metavol-
canics (the Radium Creek Metamorphics), and
Mesoproterozoic granites, pegmatites, and minor
amphibolite dykes. Ordovician granites and peg-
matites make up a “younger granite suite,” which
intrudes into the Proterozoic basement. The third
component is a convoluted and puzzling collection
of breccias, of which a granitic breccia is the most
common (Fig. 3). Many of these breccias contain
uranium and minor sulfide mineralization and are
cemented with hematite. The breccias occur as ir-
regular bodies within the basement complex, adja-
cent to a zone of extensive faulting, which also con-
tains Ordovician granites and pegmatites (Lambert
etal., 1982). The breccias have been assigned an age
of 280 Ma using palaeomagnetic dating methods
(Idnurum and Heinrich, 1993).

A fault system, the Paralana Fault zone, con-
sisting of northeast-trending faults, runs along
the eastern margin of the Mount Painter Inlier
(Fig. 3). The Paralana Fault zone is generally be-
lieved to be the main conduit for hydrothermal
fluid dispersal. The fault zone has been intermit-
tently active since the Neoproterozoic formation
of the Adelaide Rift Complex; seismic studies
suggest the area is still active (Wellman and
Greenhalgh, 1988; Foster et al., 1994). A modern
hot spring (Paralana Hot Springs) is evidence of
continuing hydrothermal activity along the Par-
alana Fault zone. The source of this fluid, and of
past hydrothermal fluids, is difficult to ascertain,
although it is most likely to be predominantly me-
teoric in origin (Foster et al., 1994).

Apatite fission track analyses (Foster et al.,
1994) confirm that significant hot spring activity
occurred along the Paralana Fault zone during
the mid-Tertiary, ending with a stage of uplift
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TABLE 2. MINERALS IDENTIFIED BY PIMA I
MEASUREMENTS IN THE FIELD AREA

Kaolinite Muscovite

Biotite Montmorillionite
Phengite Intermediate chlorite
Phlogopite Chlorite

Halloysite Fe chlorite

Calcite Palygorskite

Epidote Nontronite

Gypsum Paragonite

Ilite Jarosite

during or after the Miocene. Mid-Tertiary hy-
drothermal activity caused mineralization at
depth and redistributed earlier mineralized zones
in the Mount Painter Inlier (Foster et al., 1994).
However, the main time of hydrothermal activ-
ity is considered to be Permo-Carboniferous,
based on fitting the directions of remanent mag-
netism in hydrothermal minerals to the apparent
polar wander path.

GROUND OBSERVATIONS

The area of interest for field study extended >100
km2, and ground observations and sampling, us-
ing a PIMA 1l spectrometer, was conducted over an
area of >50 kmZ. Some of the minerals identified in
the field using the PIMA are listed in Table 2. The
PIMA utilizes SWIR, having 601 contiguous spec-
tral bands in the 1,300-2,500 nm wavelength range.
The PIMA has a 2-nm sampling interval with ~10
nm resolution; this is high enough to identify sub-
tle absorption features that can impart important
information, such as the degree of crystallinity and
discrete mineralogical-chemical variations.

TasLE 3. PIMA Il AttriBUTES VERSUs PROBE-1

PIMA 1I

PROBE-1

= High spectral resolution in the SWIR
bands (laboratory-quality spectra)

= Measures 601 contiguous spectral

bands from 1,200 to 2,500 nm

Signal-to-noise ratio of 3,500:1

1 cm spatial sampling

Built-in wavelength calibration target

Can run on both Palmtop and Laptop

computers

= Can provide a spectral analysis in the
field in 1-3 min

= Fast and efficient wide area imaging
for mineral mapping and
environmental monitoring

= 128 contiguous spectral bands in the
450-2,500 nm range

= Signal-to-noise ratio of >500:1

= 2-10 m spatial resolution

= Pre- and/or postflight wavelength and
radiometric calibration

= Operates in any light aircraft equipped
with a standard camera port

= Can be customized to user
requirements
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The PIMA data were collected to provide
ground-truthing for the airborne data, which
were collected using a PROBE-1 instrument. The
main differences between the two instruments
are listed in Table 3.

PIMA field spectral measurements were made,
and hand-samples were collected of rocks that dis-
played typical mineralogy for each major outcrop
area. A total of 78 spectra were obtained from 60
samples. Preliminary processing was carried out
in the field using PIMA View software on a Palm-
top computer. Background spectra were removed
to obtain hull-quotient spectra that could then be
used to determine the second-derivative spectra to
enhance spectral features and facilitate prelimi-
nary identification of minerals (Fig. 4).

Most rocks are made up of mixtures of miner-
als in varying proportions. Multiple mineralogies
may cause overlapping of absorption features,
making the spectra difficult to interpret. Second-
derivative spectra are crucial in the interpretation
of minor and overlapping absorption features,
particularly when coupled with a complex back-
ground (Yang et al., 2000). The PIMA data were
processed using The Spectral Geologist software,
which identifies spectra by comparing sampled
spectra with extensive spectral libraries.

AIRBORNE OBSERVATIONS

The main aims for processing were to focus on
hydrothermal alteration mineral assemblages
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FIG. 4. Examples of reflectance and hull-quotient
spectra. A baseline is fitted to the spectral curve (thin
dashed line). The spectrum is normalized to this line to
remove the effect of a spectral background, producing the
hull-quotient spectrum. Note that the minor feature, a, be-
comes more pronounced on the second derivative spec-
trum (from Yang et al., 2000).
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and to highlight end-member relationships.
Mapping alteration minerals and abundances
around Mount Painter and Mount Gee was
aimed at finding mineralization patterns that
could be used to interpret different hydrother-
mal episodes. Another aim was to try to identify
alteration assemblages that could be considered
characteristic of a hydrothermal system. The data
set, courtesy of Anglo-American Corporation in
Johannesburg, was collected by the Australian-
designed hyperspectral airborne imaging spec-
trometer PROBE-1 (also called Hymap). PROBE-
1 has 128 channels in the VNIR and SWIR. The
PROBE-1 data were collected in 3.2-km-wide
swaths of varied lengths (average =20 km)
flown at ~2,200 m (Fig. 5 shows the location of
the swaths). Each swath, once corrected and cal-
ibrated, has 128 reflectance bands that can then
be used for further processing. Corrections, in-
cluding mean terrain height calibrations, mean
aircraft height calibrations, and atmospheric (in-
cluding water vapor) corrections, were per-
formed using an ATREM-based program called
Hycorr developed at CSIRO North Ryde. This
preliminary processing reduces the data to the
apparent surface reflectance, the most useful for
geological mapping purposes.

Processing was performed using ENVI v3.2 soft-
ware (ENvironment for Visualizing Images),
which is specifically designed for image process-
ing of satellite and aircraft remote-sensing hyper-
spectral data. ENVI is suitable for processing hy-
perspectral data because of its many unique
interactive analysis tools and multiple dynamic
overlay capabilities. One particularly useful fea-
ture of the ENVI software is that it allows users to
make and apply their own customized analysis
strategies. Only the SWIR data from 2,000 to 2,500
nm (SWIR2) were used because this range is the
most suitable for studying alteration minerals; a
SWIR2 subset was used for the following process-
ing method applied separately to each swath:

1. Creation of an albedo mask to eliminate pos-
sible complications from nongeological fea-
tures

2. Normalization of the data to remove per pixel
albedo variation

3. Minimum noise fractionation transforma-
tion—to de-correlate and order the spectral
bands according to a decreasing signal-to-
noise ratio (spectral reduction); uses only
good pixels to drive statistics; compresses the
data
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FIG. 5. Location of PROBE-1 data swaths, each 3.2 km wide. The survey was flown in a north—east/south-west

direction.

4. Hyper pixel purity index for spatial data re-
duction—finds spectrally purest pixels in the
data by making repeated projections in n-di-
mensional scatter plots onto a lower-dimen-
sional subspace

5. n-dimensional visualizer rotates the pixels
through n-dimensions, producing an ani-
mated data cloud by random projections of
n-dimensional space; end-members found
and identified

6. Creation of regions of interest (ROIs)

7. Creation of spectral library of end-members
representing the spectrally purest pixels

8. Location of known material in an unknown
background—mixture-tuned matched filter-
ing

9. Redefinition of ROIs based on low infeasibil-
ity and high matched filtering scores (gives

distribution and abundance maps for end-
members)

10. Make ROI masks—one for each end-member

11. Vectorization of ROIs using CSIRO’s in-
house custom mask creation program de-
signed specifically to automate the creation
of vectors from ROIs

12. Selection and arrangement of vector layers of
end-members to be shown on the final map

The mineral compositional end-member distri-
butions are superimposed onto a base image (a
SWIR band) to provide a reference to the ground
surface. Like the PIMA, PROBE-1 provides
enough resolution to differentiate between types
of micas. Comparisons with PIMA data were
used to check these minor spectral variations to
see if they had geological significance. In Swath
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3, a ring-like structure displays a muted spec-
trum, similar to both kaolinite and halloysite. The
identification of halloysite is tentative, but PIMA
samples from the same area also identified a hal-
loysite variant that is spectrally different from the
other kaolinites in the area. Although the spectra
are extremely similar, it is interesting to note that
the two variations have distributions that corre-
late with (1) a possible maar structure centered
on Mount Painter with a halloysite variant and
(2) a probable later stage of hydrothermal activ-
ity associated with the Paralana Fault with the
regular kaolinite. Figure 6 shows the different
abundances for the two kaolinites (green = pos-
sible hallosite variant, yellow = regular kaolinite)
identified in Swath 3. Analysis of minimum noise
fractionation images revealed a ring-like feature,
possibly the physical boundary of a maar struc-
ture associated with an extensive first stage of al-
teration; and a second feature showing a distinc-
tive diagonal linear feature (yellow) that
corresponds with the Paralana Fault, interpreted
as a second subsequent stage of alteration in the
region. More detailed geophysical information is
needed to confirm the presence and structure of
the proposed maar.

GROUND AND AIRBORNE DATA
RESULTS COMPARISON

Correlations between thin-section observations
and the PIMA results are generally excellent, with
most of the identified PIMA minerals being eas-
ily located in thin section, and vice versa. The
classification made by The Spectral Geologist
software was confirmed by detailed manual in-
spection of the PIMA spectra. In the case of the
many samples containing white micas, the PIMA
not only registered a spectrum diagnostic of mica,
but was able to make a more detailed classifica-
tion based on crystallographic structure. The
PIMA is able to differentiate between types of mi-
cas and between pure muscovites and muscovites
with significant amounts of large cation substi-
tution (aluminium replaced by iron or magne-
sium) in the crystal lattice (K. Yang, personal
communication, 2000). In most cases, if a careful
choice is made in selecting a representative sam-
ple for measurement, the PIMA will provide use-
ful mineralogical data.

While the PIMA produces laboratory-quality
spectra, PROBE-1 data do not have the same spec-
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tral resolution. PROBE-1 is designed for regional
surveys, and PIMA provides ground truth, so
greatly enhancing the accuracy of the mineralogi-
cal interpretations. The PIMA Il field spectrome-
ter confirmed the main mineralogies identified by
the airborne survey and provided more detailed
mineral information that could be extracted from
the PROBE-1 images. The PIMA was also able to
confirm the 5-m spatial resolution of PROBE-1 by
identifying and mapping a mica-rich rock unit that
had been uncovered by the building of a road-cut-
ting. A distinct mica end-member was mapped
that correlated with the 5-m-wide road (as seen on
aerial images). This section of road was observed
in the field to have uncovered a highly micaceous
rock that occurred only in this road cutting, and
only for the 5-m width of the road.

Two or more minerals can often be inferred
from indications in PIMA spectra. The same is
true for PROBE-1 data, but separating out indi-
vidual minerals is even more difficult as several
minerals typically occur together in a landscape
and can appear as overlapping and “mixed”—
this is enhanced by the lower spatial resolution
of the airborne dataset. The PIMA Il analyses
agreed with many of the minerals identified us-
ing PROBE-1. The PIMA data also helped sup-
port the sometimes difficult unmixing of spectra
and mineral identification made with the PROBE-
1 data. The advantage of the PROBE-1 data is the
facility of detailed regional-scale mapping. Being
able to map minor mineralogical variations, such
as the mica end-member discovered along the
road-cutting, makes this type of airborne survey
well suited to mapping surface geology and, in
particular, geological features such as alteration
zones. The ability to map large areas, particularly
in a region with rugged terrain such as the
Flinders Ranges, has made possible detailed min-
eralogical mapping for every 5-10 m? of the
ground surface. The general agreement between
different data types is sufficient to confirm
PROBE-1’s spatial and spectral resolution and
thus the accuracy of the end-member maps.

OTHER ASPECTS OF THE
HYDROTHERMAL DEPOSITS
Native sulfur on Mount Painter

An intriguing yellow outcrop was sampled at
stop 511.3 (342°150'E 54°800’'N) on the northern
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FIG. 6. (a) Botryoidal sulfur, alternating bands of silica (clear) and sulphur (yellow). (b) Enlargement from photo-
graph above showing banding and botryoidal texture.

FIG. 7. Looking southwest to Mount Painter showing sample locations. Route starts at southern flank behind and
below 5111.1. Scale is approximate only.
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side of Mount Painter (see Fig. 7 for location). This
outcrop, only some 4-5 m2, has not previously
been reported. Three samples were collected,
spectrally analyzed, and thin-sectioned. Analysis
of the PIMA data using The Spectral Geologist
software registered “null,” because the principal
rock component is quartz, which has no diag-
nostic spectral feature at PIMA wavelengths. Pet-
rographic study of two of the samples revealed
extensive recrystallization of silica (probably
originally chalcedonic), and laminations, vugs,
cavity-fill, displacive and pervasive replacement
textures in silica, and concentrically banded and
botryoidal structures (see Fig. 8). Electron micro-
probe analysis of the yellow material in the lam-
inations and botryoidal microstructures identi-
fied “native” sulfur, with the rest of the scanned
image being silica, and minor iron. The electron
microprobe results show that the sulfur is not as-
sociated with either the iron or the silica. The sul-
fur occurs in a <2-mm band in sample MU58919.
Laminations, some of which are disjointed or bro-
ken, appear to have undergone brittle, and pos-
sible some minor ductile, deformation.

The presence of native sulfur suggests highly
acid oxidizing conditions, typical of the condi-
tions that are found associated with solfataras,
steaming grounds, and hot springs.

Origin of sulfur banding

Sulfuric acid can be produced naturally by (a)
inorganic and bacterial oxidation of sulfides, (b)
disproportionation reaction of sulfur dioxide in
magmatic hydrothermal systems, or (c) acidic
brines in crater lakes on top of active volcanoes
(Kusakabe et al., 2000). Mechanism ¢ has been
documented in acid sulfate hydrothermal alter-
ation systems but is more typically associated
with a crater lake and volcano. The banded sul-
fur rock samples MU58919 and MU58921 in
hand-sample and in thin section show sedimen-
tary characteristics such as graded bedding and
soft-sediment deformation structures akin to the
banded sulfur rocks described by Kusakabe et al.
(1986, 2000).

Unbound sulfur is stable under relatively high
redox potentials, low temperatures, and high to-
tal sulfur concentrations, while hydrogen sulfide
is stable only under low redox potentials, high
temperatures, and low total sulfur concentrations
(Kusakabe et al., 2000). High-temperature saline
fluids from magma interact with overlying crys-
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talline rocks at different levels and times during
the evolution of a system, and can lead to suit-
able conditions for high sulfidation ore deposits
(Kusakabe et al., 2000). Strongly acidic fluids pro-
duced by SO, disproportionation or inorganic ox-
idation of sulfides produce acid alteration of
country rocks. Crater-lake bedded sulfur sedi-
ments are the closest match to the bedded and
botryoidal sulfur rocks at Mount Painter (Kusak-
abe et al., 1986, 2000), although banded sulfur de-
posits are common in advanced argillic alteration
zones and other hot spring precipitates and sur-
face encrustations. Other comparable materials
are the “tiny spheres of sulfur” (Francis et al.,
1980) and “elemental yellow sulfur coatings” on
sand grains from high-temperature hydrother-
mal vents off the island of Milos, Greece (Dando
et al., 1998).

Most of the silica was probably deposited in a
cryptocrystalline form, or as a gel, as in modern
hydrothermal systems (Cady and Farmer, 1996).
The jasperoidal unit at Mount Gee could have
been deposited as a gel (e.g., Eugster and Jones,
1967), and many textures in the Mount Painter
and Mount Gee quartzes are similar to the botry-
oidal silica surfaces observed at the Sleeper de-
posit in Nevada (Saunders, 1994), or the recrys-
tallized silica gels from Yellowstone National
Park (Fournier et al., 1991).

Carbon and oxygen isotope analyses

Results for carbon and oxygen isotope analy-
ses are shown in Fig. 9. The chart includes 23
analyses presented in a paper by Lambert et al.
(1982) and a sample from Sunshine Pound ana-
lyzed for this project. The analyses are from cal-
cite in various hydrothermally altered rock types
around the central area of the Mount Painter re-
gion. The 813C ranges from —22.3%o t0 —3.3%o,
and 8180 from —4%o to +23.1%o. There is no ap-
parent systematic change of isotopic composition
with location or drill hole depth, and the wide
spread of values is probably caused by mixing of
two different waters containing CO,! from dif-
ferent sources. The results are consistent with an
inverse 613C/80 relationship, confirming a
mixed origin of the fluids (Lambert et al., 1982).

Most calcite samples from the Mount Painter
breccias have 813C less than —10%o, which sug-
gests CO, generated from organic carbon (Lam-
bert et al., 1982). The higher 8§20 values in the
more strongly 13C depleted samples correspond
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with values expected for precipitation from flu-
ids derived from argillaceous (carbonaceous)
metasediments, as a result of melting or high-
grade metamorphic processes. This type of fluid,
with 880 around +12%o., could produce hy-
drothermal carbonate with a §*%0 of +23%o at a
temperature of around 170°C (Lambert et al.,
1982).

It is likely that the CO, was derived by solu-
tion of magmatic carbonate minerals and from at-
mospheric gases in groundwater (Lambert et al.,
1982). The sample analyzed in this study, from
the Sunshine Pound calcite, has a §'3C value of
—3.3%o0 and 680 value of —1.3%o. Although the
813C value is the highest, the Sunshine Pound val-
ues plot well into the category of probable evo-
lution from meteoric waters. Fluctuations in tem-
perature of precipitation of the minor carbonate
guantities in the Mount Painter samples can ac-
count for the scatter of compositions around the
mixing line.

DISCUSSION

The spectral maps of clays, carbonates, and mi-
cas reveal information not previously recorded.
These maps show alteration zones around Mount
Painter and the fault, which can be considered in-
dicative of different mineralization styles and,
thus, different fluid chemistries. The abundances
of two kaolinite end-members shows that al-
though they overlap, they also occur separately
and delineate different features. The features are
interpreted as being due to different hydrother-
mal fluids rather than weathering because they
include typical hydrothermal mineral associa-
tions. There must also be weathering products
present, but more work will be required to dif-
ferentiate them.

Spectral changes in clay minerals, muscovites,
biotites, carbonates, and chlorites were used to
map alteration minerals and to identify different
mineralogical zones that could relate to different
hydrothermal episodes and/or systems.

Mount Painter/Mount Gee can be classified as
an epithermal hydrothermal system on the basis
of characteristic features: typical epithermal min-
erals kaolin, pyrophyllite, and zeolites; chalcedonic
(although now recrystallized) silica; vuggy silica;
and lattice textures produced by silica pseudo-
morphs of bladed calcite. Vuggy silica, extensive
in the Mount Gee hydrothermal quartz unit, can
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be a good indicator of high-sulfidation deposits
(Heald et al., 1987; White and Hedenquist, 1990),
but vein and other textural information, com-
bined with the scarcity of sulfides, suggests that
the Mount Painter system is a low-sulfidation
system (Table 4). Chalcedony indicates local sil-
ica saturation and suggests that boiling may have
occurred. A temperature of between 190°C and
100°C and a depth of <100 m below the water
table is required for its deposition. Chalcedony
also indicates, owing to its cryptocrystalline na-
ture, rapid cooling (Clark and Govett, 1990; White
and Hedenquist, 1990). The former presence of
bladed calcite is consistent with this interpreta-
tion.

Changes of mineralization characteristics within
the study area are interpreted to be the result of
two different hydrothermal fluids from different
sources.

Figure 10 shows a conduit structure that per-
mits systems with both separate and shared fluid
conduits. It would be expected that any natural
fluid conduits would be utilized by both systems.
The repeated and overprinted alteration in the
area makes it difficult to separate hydrothermal
systems or fluid types. However, petrographic
differences are enough to assume significantly
different fluids and hydrothermal conduit sys-
tems.

MARTIAN ANALOGUE

The majority of exploration outside Earth has
been, and will at least for the next few decades,
continue to be via remote means. Mars is a focus
for planetary research, as well as a prime target
in the search for extraterrestrial life.

NASA’s Thermal Emission Spectrometer in-
strument that was flown on the Mars Global
Surveyor mission detected an extensive deposit
of crystalline hematite (a-Fe,03). The deposit
covers an area of 350 X 350-750 km, has sharply
defined boundaries, and is centered near Sinus
Meridiani at 2°S latitude between 0° and 5°W
longitude (Cristensen et al., 2000). Positive iden-
tification of crystalline hematite requires the
presence of fundamental absorption features
centered near 300, 450, and >525 cm~! and the
absence of silicate fundamentals in the 1,000
cm~1region (Cristensen et al., 2000). A radiative
transfer model was used to remove atmospheric
interference from CO,, dust, and water ice. To
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FIG. 8. Mount Painter spectra and endmember maps. (a) Identified end-member spectra, including variants of the
one mineral. (b) Black and white background image is a shortwave infrared band included to provide reference to
the ground surface. The endmember maps were created using ENVI 3.2 software.
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FIG. 9.
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Sunshine Pound calcite analyses are from this study.
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Carbon and oxygen isotope analyses. Breccia and calcite-quartz vein analyses are from Lambert et al. (1982).

TaBLE 4. DisTINCTION BETWEEN HIGH- AND Low-SULFIDATION SysTEMS [MODIFIED
FrROM WHITE AND HEDENQuUIST (1990) AND CORBETT AND LEACH (1994)]

Low sulfidation

High sulfidation

Fluid

Alteration

Associated minerals

Metals: economic accessory

Character of mineralization

Characteristic textures

Structure

Low salinity

H,>S-dominant

Reduced

Generally neutral alteration adjacent
to structures dominated by
sericitic/illitic clays O peripheral
propylitic veins dominated by
quartz = carbonate?

Intensive white mica in regions with
high water:rock ratios?

Low % pyrite

Galena, sphalerite. chalcopyrite3

Au = Ag

Pb, Zn, Cu

As, Te, Hg, Sb at high levels

Veins common with crystalline
phases at depth, banded at shallow
levels®

Crustification,?2 banding,?
colloform banding (S),?
chalcedony,?3 vugs,?3 vein
breccia,>3# silica pseudomorphs
after bladed calcite!34

Preexisting fractures at depth
subsidiary dilational structures at
higher levels

Magmatic, diatreme, and eruption
breccias®*

Mostly low, some high salinity

SO,-dominant

Oxidized

Characteristic zoned pervasive acid
alteration from: residual (vuggy)
quartz O alunite 0 kaolin
minerals O illite minerals O
propylitict=

Deep deposits show intense
pyrophilite-white mica alteration

Near surface deposits may have
pervasive clay alteration-3

High % pyrite

Engarite-luzonite

Au = Cu

As

Te at high levels

Hosted in clasts or matrix in
competent wall rock alterationl

Vuggy silica (fine-grained quartz)?3
Massive silica (fine-grained
quartz)*

Dilational structure and permeable
lithological control®
Diatreme breccias common3*

1Present elsewhere in field area.
2Present at Mount Painter.
3Present at Mount Gee.
4Present at Radium Creek.
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enhance the unique spectral features at Sinus
Meridiani the average neighboring spectrum
was removed. The depth and shape of the fun-
damental bands indicate that the hematite is
crystalline and relatively coarse-grained (>5-10
um) and thus separate from the fine-grained
(diameter <5-10 um), red, crystalline hematite
that is considered to be a minor spectral com-
ponent in Martian bright regions like Olympus-
Amazonis (Morris et al., 1997; Cristensen et al.,
2000).

The large hematite deposit at Sinus Meridiani
could have been deposited from hydrothermal
fluids. The deposit may represent a deposit formed
by an ancient thermal plume, which periodically
welled up at the surface. The phenomenon re-
sponsible for the vast size of Martian volcanoes,
like Olympus Mons, is the apparent lack of plate
tectonics. This same phenomenon could also be
used to explain the very large size of the proposed
hematite deposit at Sinus Meridiani. Other can-
didates for hydrothermal deposits have also been
recognized (Cady and Farmer, 1996).
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CONCLUSIONS

Integrated analysis of both air- and ground-col-
lected SWIR hyperspectral measurements can be
applied to interpreting hydrothermal alteration
in arid regions of Australia. This study suggests
that it would also be possible to apply similar
techniques to searching for hydrothermal alter-
ation products on the surface of Mars. Current
technology is already at a level where airborne or
spaceborne hyperspectral measurements of Mars
could be collected and would produce similar
levels of detail about surface mineralogy as in this
study.

Mapping ancient hydrothermal systems with
hyperspectral imaging techniques is effective and
can provide detailed information. The ability to
map minor spectral features in alteration assem-
blages can identify structures that would be
difficult to locate using other techniques. The hy-
perspectral maps produced show distinctive ar-
eas of mineralization commonly associated with
the Paralana Fault zone. The Paralana Fault zone

maar/diatreme
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FIG. 10. Low Sulfidation Gold Classification and Fluid Flow Model. From Corbett and Leach (1994).
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is still likely to be the most prolific and active hy-
drothermal fluid conduit, but mineralogical and
hyperspectral evidence suggests it is not the only
hydrothermal system in the area. The combined
PROBE-1 and PIMA |1 hyperspectral data suggest
there is some evidence for two different hy-
drothermal fluids, responsible for the interpreted
mineral variations.

We propose a model with two separate (but ad-
jacent) hydrothermal systems, each with many
stages. The first is an extensive adularia-sericite
type system that produced hydrothermal fluid al-
teration mainly along the Paralana Fault zone. It
is possible that this system had a fluid of mixed
origin as indicated by the C- and O-isotope analy-
ses. The second, a localized system, was respon-
sible for the Mount Painter and Mount Gee
hydraulic-fracture breccias, and hydrothermal
guartz deposits. This second system displays
characteristics more typical of an acid sulfate sys-
tem and likely to be related to a maar structure
centered on Mount Painter. This system, during
a later stage of cyclic temperature changes, could
have included a solfatara, or other hot spring
precipitates, at the ancient surface level. These na-
tive sulfur-bearing rocks on Mount Painter rep-
resent the ground surface at the time of deposi-
tion, agreeing with earlier work (e.g., Coats and
Blisset, 1971) based on the proposed (but uncon-
firmed) sinter deposits.

The PIMA'’s ability to detect mineral changes
on spot surface measurements was also tested
and shown to contribute accurate data to the
large-scale mineralogical maps. The combined
study of PROBE-1 and PIMA Il infrared spectra
was able to demonstrate that these instruments,
capable of making detailed mineralogical maps
on Earth, could also be applied to finding and
mapping hydrothermal alteration and mineral as-
semblages on Mars.
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